In our natural environment, we interact with moving objects that are surrounded by richly textured, 33 dynamic visual contexts. Yet, most laboratory studies on vision and movement show visual objects 34 in front of uniform grey backgrounds. Context effects on eye movements have been widely studied, 35 but it is less well known how visual contexts affect hand movements. Here we ask whether eye and 36 hand movements integrate motion signals from target and context similarly or differently, and 37 whether context effects on eye and hand change over time. We developed a track-intercept task 38 requiring participants to track the initial launch of a moving object ("ball") with smooth pursuit eye 39 movements. The ball disappeared after a brief presentation, and participants had to intercept it in a 40 designated "hit zone". In two experiments (n = 18 human observers each), the ball was shown in 41 front of a uniform or a textured background that was either stationary or moved along with the 42 target. Eye and hand movement latencies and speeds were similarly affected by the visual context, 43 but eye and hand interception (eye position at time of interception, and hand interception timing 44 error) did not differ significantly between context conditions. Eye and hand interception timing 45 errors were strongly correlated on a trial-by-trial basis across all context conditions, highlighting the 46 close relation between these responses in manual interception tasks. Our results indicate that visual 47 contexts similarly affect eye and hand movements, but that these effects may be short-lasting, 48 affecting movement trajectories more than movement end points. 49 50
NEW & NOTEWORTHY 52
In a novel track-intercept paradigm, human observers tracked a briefly shown object moving across 53 a textured, dynamic context, and intercepted it with their finger after it had disappeared. Context 54 motion significantly affected eye and hand movement latency and speed, but not interception 55 accuracy; eye and hand position at interception were correlated on a trial-by-trial basis. Visual 56 context effects may be short-lasting, affecting movement trajectories more than movement end 57 points. 58 structured and dynamic. The current study addresses the question whether and how dynamic visual 86 contexts affect eye and hand movements. It extends previous results by including a dynamic visual 87 context to investigate context effects on eye and hand movements when intercepting a disappearing 88 object. We will first present evidence from the literature indicating that smooth pursuit eye 89 movements are generally affected by visual contexts, and that they integrate motion signals from 90 target and context following a vector averaging model. However, studies investigating context 91 effects on hand movements have produced more variable results. The main research question to be 92 answered here is whether target and context motion signals are integrated similarly (both following 93 vector averaging) or differently for eye and hand movements, and whether context effects change 94 over time. 95
Context effects on eye movements and motion perception 96
Previous studies have already established that smooth pursuit eye movements are strongly 97 affected by visual contexts: pursuit of a small target moving across a stationary textured context is 98 slower, and pursuit across a dynamic context is faster as compared to pursuit across uniform and Hoffmann 1997; for a review, see Spering and Gegenfurtner 2008) . These findings suggest that 101 the smooth pursuit system integrates target and context motion following a vector averaging 102 algorithm (Spering and Gegenfurtner 2008) similar to how it integrates motion signals from two 103 sources in general (Groh et al. 1997; Lisberger and Ferrera 1997) . Despite close links between 104 smooth pursuit and visual motion perception ; Spering and Montagnini 2011) 105 there is evidence for differential context effects on pursuit and perception. When human observers 106 track a small moving object across a dynamic textured background, pursuit follows the vector 107 average, i.e., when context velocity increases, the eyes move faster (Spering and Gegenfurtner 108 2007) . However, motion perception can follow relative motion (motion contrast), i.e., when context 109 velocity increases, the object may appear to move slower (Brenner 1991; Smeets and Brenner 110 1995a; Zivotofsky 2005; Spering and Gegenfurtner 2007) . Relative motion signals seem to 111 influence target velocity judgments the most when the context moves in the direction opposite to 112 the target (Brenner and van den Berg 1994); they also affect the direction of saccades (Zivotofsky et 113 al., 1998) , and the initial phase of the optokinetic nystagmus (Waespe and Schwarz 1987) . 114
Context effects on hand movements 115
Effects of relative motion have also been observed for hand movements. A moving visible 116 target was intercepted with a lower velocity when it was presented in front of a background moving 117 in the same direction as the target vs. in front of a background moving in the opposite direction 118 (Smeets and Brenner 1995a) . A background moving orthogonally to the main motion of a target 119 triggered a deviation of the hand trajectory away from the background's motion direction (Brouwer 120 et al. 2003; Smeets and Brenner 1995b) . Similarly, pointing errors were shifted in the direction of 121 relative motion when pointing at an anticipated target location in the presence of a moving 122 background (Soechting et al. 2001 ). Interestingly, interception position was not affected by 123 background motion direction when targets were visible (Brouwer et al. 2003; Smeets and Brenner, 124 1995a; 1995b) , consistent with observations that perceived target motion, but not perceived target 125 position, is influenced by motion of the background. Even when no position information is 126 available due to occlusion of the target prior to interception, Brouwer et al. (2002) found that 127 participants used a default (average) target speed rather than differently perceived speeds (due to 128 background motion) of the target to estimate interception position. 129
However, there is also evidence supporting a vector-averaging model. Hand movement 130 trajectories towards stationary targets were initially shifted in the direction of context motion 131 Importantly, this shift persists (i.e. is not compensated for) if continuous foveal information about 133 the actual target position is not available, which in turn shifts interception errors in direction of 134 background motion (see also Whitney et al. 2003) . Similarly, Whitney and Goodale (2005) report 135 overshooting a remembered location more or less, depending on whether the context moved along 136 with or against the direction of a prior pursuit target. Thompson and Henriques (2008) found a 137 differential effect of context on saccadic eye movements and interception: observers first tracked a 138 target in front of different background textures, and then made a saccade to a remembered target 139 position. The amplitude of the memory saccade scaled with background motion direction, but 140 manual interception did not. 141
In sum, it appears that moving contexts affect smooth pursuit eye movements in a relatively 142 consistent manner, and in line with a vector averaging model. By contrast, context effects on 143 perception tend to follow relative motion signals (motion contrast). Context effects on interception 144 responses are variable: their direction and magnitude depends on the specifics of stimuli and task -145 whether observers had to hit stationary, dynamic, visible or remembered objects, and when and for 146 how long the moving context was presented. 147
Comparing context effects on pursuit and interception of a disappearing target 148
In the present study, we showed observers the initial launch of a ball moving along a curved 149 trajectory across a uniform or textured, stationary or continuously moving background; the 150 background always moved in the same direction as the target. As in Fooken et al. (2016), observers 151 had to intercept the target with their index finger after it entered a hit zone. Critically, the target 152 disappeared from view after brief presentation, preventing observers from using information about 153 the target position when intercepting its estimated position within the hit zone. In two experiments, 154 we compared smooth pursuit and interception responses across different contexts. 155
This study aims at investigating whether motion signals from target and context are 156 integrated similarly or differently for eye and hand movements. Previous studies have already 157 established that pursuit consistently behaves in line with a vector averaging model (Lisberger and 158 Ferrera 1997; Spering and Gegenfurtner 2008) . Here we will investigate whether hand movements 159 also integrate target and context motion signals consistent with the predictions of a vector averaging 160 model, or if hand movements follow a different model, such as motion contrast. Our study differs 161 from previous investigations of context effects on eye and hand movements in at least two 162 important ways: (1) Smooth pursuit eye movements and manual interception responses were 163 assessed simultaneously and in the same trials, and (2) the target disappeared prior to interception, 164 rendering the context the only visual motion signal driving eye and hand at interception. 165
Manipulating the speed of the dynamic context -either moving at the same speed as the target (exp. 166 1) or moving faster (exp. 2)-allows us to compare different models of target-context motion signal 167 integration, such as vector averaging and motion contrast. Table 1 summarizes specific hypotheses 168
for the three context conditions tested in this study. 169
Following a vector averaging model, we would expect a stationary context to slow down eye 170 and hand movements, and to elicit interception at a location that the target passed already, i.e., the 171 eye or hand would lag behind the target. A context moving in the same direction as the target would 172 lead to an increase in movement speed, and cause interceptions at a location prior to the target 173 reaching it, i.e., the eye or hand would be ahead of the target. Following a motion contrast model, a 174 stationary context would increase movement speed and elicit interceptions prior to the target 175 reaching the interception location. A dynamic context moving in the same direction and at the same 176 speed as the target would have no effect on movement or interception, as compared to a uniform 177 context. A dynamic context moving faster would decrease movement speed and trigger 178
interceptions at a location that the target passed already. To test these hypotheses, we computed 179 early measures, obtained during the movement phase -latency and relative velocity of pursuit, 180 catch-up saccade properties, latency and peak velocity of the finger-as well as late measures, 181 obtained at the time of interception -eye position and interception error. (1) ̈= − ( ( ) + ( )) 203
The drag force ( ) and the Magnus force ( ) are defined as 205
in which A is the cross sectional area of the baseball, ρ the air density, γ is an empirical 208 constant determined by measurements of a spinning baseball in a wind tunnel by Watts and Ferrer 209 (1987) , f refers to the frequency with which the simulated ball spins, denotes the ball's velocity, 210 and is the drag coefficient (for conditions and constants used in the simulation, see Fooken et al. 211 2016). The ball moved at an initial speed of 24.5°/s and was launched at one of three different 212 angles (30, 35, 40°) to increase task difficulty. The ball always appeared at the left side of the 213 screen and moved towards the right; a dark grey line (2 pixels wide) separated the screen into two 214 halves with the hit zone on the right (Fig. 1a) . The ball was presented on one of three possible 215 backgrounds in separate blocks of trials: a uniform grey background (35.9 cd/m 2 ), or a textured 216 background at the same mean luminance -either stationary or moving in the target direction. parameter settings of a previous study assessing perception and ocular following in response to 221 these stimuli (Simoncini et al. 2012 ) and set Motion Clouds to a fixed spatial frequency of 0.15 cpd 222 with bandwidth 0.08 cpd. The bandwidth of the envelope of the speed plane that defines the jitter of 223 the mean motion was set to 5%, i.e., in each frame, 95% of the pattern moved in a coherent motion 224 direction. In trials with stationary textures, one of 20 possible Motion Cloud images was shown, 225 randomized across trials. In trials with dynamic textures, a Motion Cloud movie was played in the 226 background. Stationary or moving backgrounds were shown from the trial start during the fixation 227 period until time of interception ( Fig. 1a) . In experiment 1, the dynamic background moved at a 228 horizontal velocity equivalent to the mean velocity of the target at launch (24.5°/s); in experiment 2, 229 the background moved 50% faster than the target (approx. 36.7°/s). 230
Visual stimuli were back-projected using a PROPixx video projector (VPixx Technologies, 231
Saint-Bruno, QC, Canada) with a refresh rate of 60 Hz and a resolution of 1280 (H) × 1024 (V) 232 pixels. The screen was a 44.5 cm × 36 cm translucent display consisting of non-distorting 233 projection screen material (Twin White Rosco screen, Rosco Laboratories, Markham, ON, Canada) 234 clamped between two glass panels and fixed in an aluminum frame ( Fig. 1b) . Stimulus display and 235 data collection were controlled by a Windows PC with an NVIDIA GeForce GT 430 graphics card 236 running Matlab 7.1 and Psychtoolbox 3.0.8 (Brainard 1997; Pelli 1997). Observers were seated at a 237 distance of 46 cm with their head supported by a chin and forehead rest and viewed the stimuli 238 binocularly. Using these set-up parameters, one degree of visual angle corresponded to 0.8 cm. 239
Experimental procedure and design 241
Each trial started with fixation on the ball located on the left side of the screen for 700-1,000 242 ms (uniform distribution). During fixation, the eye tracker performed a drift correction. The ball 243 then moved rightwards towards the hit zone, and was occluded after a presentation duration of 244 either 100 or 300 ms for the remainder of the trajectory (Fig. 1a) . Observers were instructed to track 245 the ball with their eyes and to intercept it as accurately as possible (hit / catch it) with their index 246 finger once it had entered the hit zone. If interception occurred after the trajectory had ended 247 Guidance trakSTAR, Ascension Technology Corp., Shelburne, VT, USA) at a sampling rate of 240 274 Hz (Fig. 1b) . A lightweight sensor was attached to the observer's fingertip with a small Velcro 275 strap. The 2D finger interception position was recorded in x-and y-screen-centered coordinates for 276 each trial. Finger latency was computed as the first frame exceeding a velocity threshold of 5 cm/s 277 following stimulus onset. Each trial was manually inspected and we excluded trials with blinks, and 278 those in which observers moved their hand too early, i.e., before stimulus onset, too late (time out), 279 or in which finger movement was not detected (8.8% in experiment 1, 7.9% in experiment 2). 280
Eye and hand movement data analyses 281
To test our hypotheses, we computed the following eye movement measures: pursuit 282 latency, relative eye velocity (calculated as gain: eye velocity divided by target velocity in the 283 interval 140 ms after pursuit onset to interception) and cumulative catch-up saccade amplitude, 284 defined as the total amplitude of all catch-up saccades in a given trial, i.e., the total distance covered 285 For interception movements, we analyzed finger latency, finger peak velocity, and 290 interception accuracy. Interception accuracy was calculated as follows. First, the hit position, h, is 291 defined as the 2D position of the finger when it first makes contact with the screen; the ball position 292 at that time is denoted as b (see Fig.1c ). The point on the ball trajectory closest to h is denoted c. 293
We now define the "timing error" as the signed distance from the ball position to the closest point, focused on measures reflecting the movement itself (e.g., eye latency, relative pursuit velocity, 309 cumulative catch-up saccade amplitude and finger latency, peak velocity), and the interception (e.g., 310 eye and interception timing errors). Any observed effects of context on movement and interception 311 (Table 1) were confirmed with repeated-measures analysis of variance (ANOVA) with within-312 subjects factors context, duration and launch angle, and between-subjects factor experiment. Post-313 hoc comparisons between context conditions (pairwise t-tests with Bonferroni corrections applied 314 separately for each ANOVA) and context × experiment interactions were analysed to reveal any 315 differential effects of contexts on dependent measures. 316
To control for possible effects of block order, we also ran each ANOVA with between-317 subjects factor block order, but we found no significant main effects or interactions with this factor; 318 thus, our results do not include this variable. Effects of presentation duration and launch angle on 319 eye and hand measures are not the focus of this study and are thus reported selectively. 320
To investigate whether context modulated the relation between eye and hand, we performed 321 trial-by-trial correlations between eye and interception timing error on an individual observer basis. 322
We then calculated each observer's slope for each context condition and experiment, and tested 323 whether the average slope across observers differed from zero using t-tests. Regression analyses 324 were performed in R; all other statistical analyses were performed in IBM SPSS Statistics Version 325 24 (Armonk, NY, USA). 326
327

RESULTS 328
We compared pursuit and manual interception accuracy in response to target motion across 329 one of three contexts: a uniform grey context, a stationary textured context, or a dynamic context 330 moving at the same speed (exp. 1) or at a faster speed as compared to the target (exp. 2). We report 331 results in two parts: first, we present context effects on smooth pursuit in interception trials, in 332 which the ball disappeared from view. Second, we report context effects on hand movements, and 333 compare findings for eye and hand. 334 (std = .36) saccades per trial on average. In some trials, observers made large saccades along the 339 extrapolated target trajectory ( Fig. 2a) , in other trials, observers attempted to continue to track the 340 target smoothly for longer periods of time (Fig. 2b) . 341
Despite the transient pursuit response, context effects on pursuit were clearly visible: a 342 stationary context slowed pursuit, a dynamic context sped up pursuit for both presentation durations 343 (compare red and green lines in Fig. 3a,b) . This observation was confirmed by repeated-measures ANOVA revealing significant main effects of context on pursuit latency (F(2,68) = 47.89, p < .001, 345 η 2 = .59; Fig. 3c,d) , relative pursuit velocity (F(2,68) = 144.42, p < .001, η 2 = .81; Fig. 3e,f) , and 346 cumulative saccade amplitude (F(2,68) = 34.13, p < .001, η 2 = .50; Fig. 3g,h) . These findings 347 confirm the hypothesis that smooth pursuit follows vector averaging when integrating motion 348 signals from a disappearing target and a stationary or dynamic context. 
Context effects on manual interception 371
In both experiments, observers performed rapid reach movements towards the predicted 372 target location. On average, these reaches were initiated with a latency of 335.5 ms after stimulus 373 onset (334 and 337 ms for 100 and 300 ms presentation duration, respectively), took 899 ms to 374 complete, and reached a mean peak velocity of 50 cm/s. 11; Fig. 4c) , and there was no context × 384 experiment interaction (F < 1, p = .56). The finding of elevated peak velocity for dynamic contexts 385 is in alignment with what we found for the eye movement: relative pursuit velocity was also highest 386 when the context was dynamic, consistent with a vector averaging model. However, the finding of 387 increased finger latency does not match the finding that pursuit latency was shortest for dynamic 388 contexts. 389 - Figure 4 here-390
Next, we analysed context effects on interception accuracy. Figure 5 shows 2D interception 391 positions for three launch angles and three contexts for experiment 1 (Fig. 5a ) and experiment 2 392 ( Fig. 5b) . Each data point is the mean interception position in the hit zone for one observer in a 393 given condition. Overall, observers tended to intercept relatively early in the hit zone. For both 394 experiments, interception locations were similar for the different context conditions (denoted by 395 symbol type in Fig. 5a,b) . 396 - Figure 5 here-397 Figure 6 summarizes the results for interception timing error for both presentation durations 398 separately. A main effect of duration (F(2,34) = 13.50, p = .001, η 2 = .28) indicates improved 399 interception accuracy with longer vs. shorter stimulus presentation (compare Fig. 6a and Fig. 6b) . 400
Similar to the results obtained for eye timing error, context effects on interception timing error were 401 non-significant (no main effect of context, p = .82). If interception position had followed vector 402 averaging, we would have expected interceptions behind or ahead of the target in the presence of a 403 stationary or dynamic context (irrespective of whether it moves faster or at the same speed as the 404 target). Instead, observers tended to point ahead more as compared to the uniform condition when 405 the context moved along with the target (positive difference in timing error, M = .28°, std = .84), 406 and ahead less when the context moved faster (negative difference in timing error, M = -.37°, std = 407 1.03). Yet, the context × experiment interaction for interception timing error was non-significant 408 (F(2,68) = 2.11, p = .13, η 2 = .06). 409 - Figure 6 here-410
The observed similarities between eye and hand movement at time of interception were 411 supported by a strong positive relationship between accuracy (timing error) in eye and hand across 412 context conditions. Figure 7 shows trial-by-trial correlations for individual observers (three per 413 experiment; left) and across the entire group (right). Regression slopes averaged across observers 414 differed significantly from zero for all context conditions in both experiments (Fig. 7) . These results 415 were consistent across launch angles, with all slopes significantly different from zero (all t > 22.3, p 416 < .001). 417 - Figure 7 here-418
Motion signals or learned contingencies? 419
A few additional observations are worth noting. Figures 5 and 6 show that launch angle 420 affected interception: timing error was largest for the steepest launch angle (F(2,68) = 238.75, p < 421 .001, η 2 = .88; Fig. 6) . Moreover, observers consistently intercepted above the target trajectory for 422 the shallowest launch angle of 30° (mean orthogonal error 1.4 deg, std = 0.6) and below the 423 trajectory for the steepest angle of 45° (M = -1.16 deg, std = 0.68), close to the spatial average of 424 the three trajectories (Fig. 5a,b) . for manual interception movements. 447
Context effects on eye and hand 448
Here we investigated how different naturalistic visual contexts affect eye and hand 449 movements during a task that required observers to smoothly track a briefly presented visual target 450 with their eyes. Observers had to extrapolate and predict the target trajectory by pointing at its 451 assumed end location with their finger. In two experiments, we showed that visual contexts -motion In line with this model, we found that saccadic compensation for smooth pursuit scaled with 462 context: slower pursuit in response to a stationary context was accompanied by larger and more 463 frequent catch-up saccades (larger cumulative saccade amplitude), whereas faster pursuit in 464 response to a dynamic context required fewer and smaller catch-up saccades. 465
Similarly, hand movement measures obtained during the early phase of the hand movement, 466 prior to interception, showed a signature of context. Dynamic contexts increased interception 467 latency and finger peak velocity. This finding could reflect vector averaging mechanisms for the 468 computation of finger velocity. Alternatively, increased finger peak velocity in the presence of 469 dynamic contexts could reflect a trade-off between latency and speed in this condition. 470
However, the accuracy of eye and hand movement measures at time of interception, eye and 471 interception timing error, were not significantly affected by context. These findings indicate that 472 context effects might be short-lasting and may exert larger effects on the trajectory than on the end-473 point accuracy of a given movement. Taken together, our findings show striking similarities in how 474 eye and hand movements respond to textured contexts. Consistent with this result, eye and 475 interception timing errors were strongly correlated on a trial-by-trial basis across all context 476 conditions. 477
We also observed similarities between eye and hand in response to presentation durations. 
Mechanisms of motion integration for pursuit and interception 493
Following a vector averaging model, a context moving along with the target should lead to 494 an overestimation of target speed. This should result in higher eye and finger velocity, as well as in 495 eye and finger end points located ahead of the true target position (e.g., positive timing error). 496
Overestimation should be even stronger when the context moves faster than the target. While we 497 found evidence for motion integration in line with a vector averaging model for movement 498 parameters such as latency and velocity, motion integration for final eye and interception positions 499 did not follow vector averaging. These results are largely in line with previous studies indicating 500 little or no effect of context on interception positions (Brouwer et al. 2003; Smeets and Brenner 501 1995a; 1995b; Thompson and Henriques 2008) , despite context effects on movement trajectories 502 (e.g., Smeets and Brenner 1995a; 1995b) . Although we observed a small trend in timing errors 503 consistent with a motion contrast model, these trends were not supported by statistical analyses. 504
These null effects could be due to noise, i.e., the variability in hand movements (van Beers et al. 505 2004), or to lack of power. Previous studies indicate that, under some circumstances, the motor 506 system might take relative motion into account when executing interception movements. For 507 example, Soechting et al. (2001) found that goal-directed pointing movements were influenced by 508 the Duncker illusion, in which a stationary target is perceived as moving in the opposite direction to 509 a moving context (relative motion). Other studies found that the illusion triggers deviations of the 510 hand trajectory away from the context's motion direction (Brouwer et al. 2003; Smeets and Brenner 511 1995b) . Regardless of the direction of the effect -vector averaging or motion contrast-we observed 512 similarities rather than differences between the two response modalities in terms of context effects. 513
Common motor programs for eye and hand movements 514
In line with a model of common processing mechanisms, eye and hand are closely related 515 when tracking and intercepting the target in the presence of a uniform background and textured 516 context (Fig. 7) . This finding extends the well-known result that "gaze leads the hand" (Ballard et and finger end positions often did not coincide at the same location (Fig. 2) . Hence, it is interesting 523 that eye and hand timing errors were correlated even in the absence of a visible target anchor. This 524 finding is in agreement with one of the first reports of a close link between eye and hand 525 movements in a visually-guided reaching task (Fisk and Goodale 1985) . This study revealed co-526 facilitation of eye and reaching movements when movement directions were aligned -i.e., eye 527 movement to the right paired with a right-handed reaching movement towards an ipsilateral target 528 and vice versa for left: saccades were initiated faster and reached higher peak velocities when 529 accompanied by an aligned hand movement. Shared computations for eye and hand have been 530
shown to be useful in computational models of interception (Yeo et al. 2012) . These neurophysiological studies, conducted under standard stimulus conditions with uniform 539 backgrounds, support the notion of close coupling between eye and hand movements. Whether 540 these findings generalize to more complex and naturalistic task and stimulus conditions is an 541 unanswered question. Our data provide behavioral evidence for the close relation between eye and 542 hand movements in a naturalistic interception task. pursuit eye and hand movements in the three target-context configurations tested in this study. Cells 724
shaded in red indicate slower movements (e.g., slower eye velocity and finger peak velocity) and 725
interception behind the target (e.g., negative timing error in eye and hand), cells shaded in green 726
indicate faster movements and interception ahead of the target (e.g., positive timing error) as 727
compared to the effect of a uniform, non-textured context. Hypotheses-testing included measures of 728 movement trajectory and interception for both eye and finger. fixation on the target on the left side of the screen for 700-1,000 ms, followed by (2) brief (100 or 735 300 ms) stimulus motion to the right after which (3) the target disappeared until (4) the observer 736 intercepted in the "hit zone", located on the right of the screen. Performance feedback at the end of 737 each trial showed true target end position (red disk) relative to finger position (black cross). individual observers in experiments 1 and 2 (n = 36 total) averaged across presentation durations. 767
Bold traces are averages across observers. Note that the peak of mean velocity traces does not 768 match peak velocity shown in panel (C), because mean traces were aligned to movement onset, not 769 peak. B. Latency (ms) for different contexts averaged across presentation durations. Each data point 770
is the mean for one observer. 
